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Stability of two-wheeled vehicles depends on their running speed. The running vehicle at
high speed is stable but the vehicle in a state of stillness is unstable. In order to stabilize two-
wheeled vehicles in the state of stillness, center-of-gravity movement and handle operation by the
rider are indispensable. Then we develop a stationary self-sustaining two-wheeled vehicle which is
a two-wheeled vehicle equipped with a cart system to move a center-of-gravity of the vehicle for
stabilizing the system. We derive a state space model of system based on Lagrange method and
identified model parameters by control experiments. A robust attitude controller is designed via H∞
Loop Shaping Design Procedure (LSDP). Experimental results show an effectiveness of the derived
mathematical model and the designed robust attitude controller compared with LQ controller.
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Fig. 1 Overview of experimental system
構成した自立走行二輪車は全長約 70 [cm]，全幅約






























































2¢3 車体のヨー角 θ(t) ハンドルを切ることに

















式 (2)より車体のヨー角 θ(t)はハンドルの切れ角 ψ(t)
の関数として表すことができる．
2¢4 二輪車の前輪部と後輪部の重心座標 自立








輪部と後輪部の重心座標 (y f ; z f )，(yr; zr)は次式とし
て求まる．8<:y f = H f sinφ(t)+LF f sinfψ(t)¡θ(t)gcosφ(t)z f = H f cosφ(t)¡LF f sinfψ(t)¡θ(t)gsinφ(t)
(3)8<:yr = Hr sinφ(t)+Lr sinθ(t)cosφ(t)zr = Hr cosφ(t)¡Lr sinθ(t)sinφ(t) (4)
2
Table 1 Definition of Symbols
M f , Mr, Mc Mass of each part
H f , Hr, Hc Vertical length from a floor to a center-of-gravity of each part
LF f , LF Horizontal length from a front wheel rotation axis to a center-of-gravity of part of front wheel and
steering axis.
Lr, LR Horizontal length from a rear wheel rotation axis to a center-of-gravity of part of rear wheel and
steering axis.
Lc Horizontal length from a rear wheel rotation axis to a center-of-gravity of the cart system.
Jx Moment of inertia around center-of-gravity x axially.
J f z Moment of inertia for part of front wheel z axially.
Jz Moment of inertia for part of rear wheel that contains cart system z axially.
µx Viscous coefficient around x axis.
µ f z Viscous coefficient for part of front wheel around z axis.
µz Viscous coefficient for part of rear wheel that contains cart system around z axis.
µc A viscosity coefficient of a movement direction of the cart system
subscript f , r, c Part of front wheel, rear wheel, and cart system respectively
2¢5 台車部の重心座標 台車の重心座標を図 5







て求まる．8<:yc = Hc sinφ(t)+fLc sinθ(t)¡d(t)cosθ(t)gcosφ(t)zc = Hc cosφ(t)¡fLc sinθ(t)¡d(t)cosθ(t)gsinφ(t)
(5)
2¢6 運動方程式の導出 以上の重心座標 (式 (3)
～(5))から自立走行二輪車の運動エネルギ T，位置エ



























Jx ˙φ 2 + Jz
¡
˙θ cosφ¢2 + J f z (ψ˙ cosφ)2o
U = g
¡


































































































Fig. 4 Center-of-gravity coordinates of a front part






































Fig. 5 Center-of-gravity coordinates of a cart
に代入して解く．一般化座標を qi = [φ(t) d(t) ψ(t)]





ある． 8<: ¨d(t)+α ˙d(t) = βuc(t)ψ¨(t)+ γψ˙(t) = δuh(t) (10)
したがって，二輪車の傾きに関する一般化座標 qi =
φ(t)，外力 τi = 0のみを解く．自立走行二輪車の安定




Jx +M f H2f +MrH2r +McH2c
ª
¨φ +M f LF f H f ψ¨
¡McHc ¨d +µx ˙φ +gMcd¡M f LF f ψ
¡g(MrLr +McLc¡M f LF f )ψ LFLF +LR
¡gφ(M f H f +MrHr +McHc) = 0 (11)
2¢7 状態空間モデルの導出 式 (11)に式 (10)を
代入して整理する．モデルの出力は台車の位置 d(t)，
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375 ; u = huc(t) uh(t)iT
ここで，
a51 =¡Mcgden ; a52 =
¡











a54 =¡McHcαden ; a55 =¡
µx
den ; a56 =




den ; b52 =¡
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Table 2 Physical parameters of Two-wheeled vehicle
Parameter Value Parameter Value
M f [kg] 2.14 H f [m] 0.0800
Mr [kg] 5.91 Hr [m] 0.161
Mc [kg] 1.74 Hc [m] 0.0980
LF f [m] 0.0390 LF [m] 0.133
Lr [m] 0.128 LR [m] 0.308
Lc [m] 0.259
Jx [kgm2] 0.2 µx [kgm2=s] 0.333
α 905 β 255
γ 111 δ 253
3. コントローラの設計





善するように前置補償器 W (s) と後置補償器 V (s) を
4
設定する．補償器を含めた拡大モデル GS(s)に対して
制御器 K∞(s)を求める (図 6左)．求めた制御器 K∞ に
開ループ特性を改善するように設定した補償器W (s)，
V (s)を前置，後置補償器として統合することで最終的

















ントローラの設計には γ = 1:05£ γmin とした．
Wc(s) =
12


















xT Qx+uT Ru¢dt (15)








































Fig. 7 Configuration of LQ controller
3¢3 開ループ特性 設計したコントローラによ
る開ループ特性 GK を図 8, 9に示す．ここで，コン
トローラは 3入力 2出力の構造となっている．そのた
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Fig. 10 Step responses Fig. 11 Impulse disturbance responses
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